A dimensionless inflow performance relationship (IPR) curve that is a function of permeability has been developed for unfractured gas wells. Both numerical and analytical methods were used to solve the non-Darcy, gas flow equations. This analysis showed that the current dimensionless IPR curve for unfractured gas wells in pseudosteady-state flow is basically independent of all relevant variables, except permeability. The proposed current dimensionless IPR curve has the same general form as the familiar Vogel dimensionless IPR curve for solution-gas-drive oil reservoirs, with the coefficients of the proposed dimensionless IPR curve being a function of permeability. The proposed current dimensionless IPR curve can be used to predict the deliverability of a gas well using a single-point test, as opposed to a standard four-point deliverability test, if the permeability of the well is known. A future dimensionless IPR curve to predict future gas well deliverability that is a function of permeability is also presented. The time to reach pseudo-steady state flow for an unfractured gas well is two to three multiples of the time predicted by the commonly used, stabilization time equation.
Introduction
Deliverability testing refers to the testing of a gas well to measure its production capabilities at a given stage of reservoir depletion. Deliverability testing commonly yields a reservoir inflow performance relationship (IPR) curve. An IPR curve relates production rate versus flowing bottomhole pressure for a given reservoir pressure, the reservoir pressure at which the deliverability testing was performed. It is mainly used to predict current gas-well deliverability given a fixed backpressure.
Traditionally, deliverability testing of a gas well is accomplished using a four-point backpressure test, an isochronal test, or a modified isochronal test. All of these methods require testing a well at a minimum of four flow rates. These multi-point tests all yield very reliable results but are very expensive in terms of manpower and testing equipment. A method which can predict both current and future gas well deliverability using only a single-point flowrate test is thus, desirable.
Previous Studies
Vogel 1 introduced the concept of dimensionless inflow performance relationship curves. As defined by Vogel, an IPR curve is made dimensionless by dividing the pressure for each point on the IPR curve by the maximum pressure for that particular curve and by dividing the corresponding production rate by the maximum producing rate for the same curve.
Because it correlates q /q max with p wf / p , a dimensionless IPR curve can be used to predict well performance. Vogel proposed his now famous inflow equation for solution-gas drive, oil reservoirs: 
Meng et al. 2 , in a study to determine the sensitivity of fracture design parameters on ultimate well performance, was the first to apply the concept of dimensionless IPR curves to gas wells. However, Mishra and Caudle 3 were the first to extend the concept of dimensionless IPR curves to unfractured gas reservoirs in an attempt to determine a general Vogel-like curve. Mishra 
Using these equations, Mishra and Caudle proposed a new methodology for predicting current and future well deliverability, which does not require multi-point testing.
Chase and Anthony 4 showed that when using Mishra and Caudle's dimensionless IPR curve, pressure values can be substituted for pseudopressure values for pressures in excess of 2900 psia and that pressure-squared values can be substituted for pseudopressure values over the pressure range of 0 to approximately 2100 psia.
Chase and Williams 5 extended the dimensionless IPR curve concept to fractured gas wells. The authors used an equation to relate fracture half-length and skin factor to the wellbore radius of the Houpeurt, quadratic deliverability equation. The authors concluded that for fractured wells with zero or negative skin factors, the Mishra and Caudle, nonlinear dimensionless IPR curve for unfractured gas wells is obtained. Chase 6 built on the effort of Chase and Williams by developing dimensionless IPR curves for predicting the current and future performance for both unfractured and fractured gas wells.
Ambastha and Kosarussawadee 7 performed a thorough investigation of the current and future IPR curves for fractured and unfractured gas wells reported in the literature. They also conducted their own study of current and future IPR curves using the pseudopressure form of the Houpeurt, quadratic deliverability. Ambastha function of x e /x f ratios for fractured gas wells.
The main objective of this current effort is to shed new light on the subject of dimensionless IPR curves for unfractured gas wells. This is accomplished by using finitedifference simulation. This work will also include the generation of dimensionless IPR curves using the Houpeurt, quadratic deliverability equation. This work will also extend the investigation to include lower permeability reservoirs and higher-temperature and higher-pressure reservoirs than Mishra and Caudle 3 studied.
Study Methodology
Future dimensionless IPR curves for unfractured gas wells were developed using both a commercially available, finitedifference simulator and the Houpeurt, quadratic deliverability equation. The reservoir and fluid properties of Table 1 were investigated during this study. The base case values of the study are given in Table1. A skin factor of zero was used in this study. A total of twenty, dimensionless IPR curves were constructed using the variables presented in Table 1 in a tornado-type analysis. That is, one variable was changed while the rest of the variables retained their base case values.
In the finite-difference simulator, gas is the only phase present. A geometrically spaced, radial grid with 16 cells in the radial direction, 1 cell in the theta direction, and 1 cell in the z direction is used. The grid block thickness in the zdirection is 100 feet; Houpeurt equation analysis showed that the shape of the dimensionless IPR curve is independent of h. The porosity is 0.20. The non-Darcy flow coefficient option and the pseudopressure near wellbore pressure drop calculation option are used. The non-Darcy flow coefficient, D, is specified by the user and is determined using Equation A4. Equation A4 should be evaluated at the flowing BHP of the well, but because for a given set of properties, numerous runs with different flowing bottom-hole pressures have to be made, D was calculated using the viscosity value at one-half the initial reservoir pressure. The assumption of a constant D is adequate for most practical applications 8 . Furthermore, because the change in viscosity from one-half the initial pressure to the flowing bottom-hole pressure for any of the flowrates studied is small, the effect of keeping D constant on the shape of the future dimensionless IPR curve is insignificant.
To construct a dimensionless IPR curve for each set of properties using a finite-difference simulator, runs at q max (bottomhole pressure equal to 14. Although gas wells cannot reach true pseudosteady state because the gas viscosity and the total compressibility of the system change as the average reservoir pressure decreases 8 , the pseudosteady state condition will be assumed to be reached when the rate of change of pressure with time, dp/dt, at all radii is approximately the same and the rate of change of dp/dt with time, d 2 p/dt 2 , at all radii is approximately the same. This information is obtained by monitoring the pressure in cells 1, 5, 11, and 16 in the radial direction.
Please note that the definition for the beginning of pseudosteady state being used in this study, the first instance dp/dt at all radii are approximately the same and the rate of change of dp/dt with time at all radii are approximately the same, is different than the other commonly used definition for the beginning of pseudosteady state; the first instance the pressure transient is affected by a no-flow boundary. The commonly used equation to estimate the time to when the pressure transient is affected by a no-flow boundary for a circular drainage area is 
The Houpeurt equations were used to develop both future and current dimensionless IPR curves for the properties in Table 1 .
The current dimensionless IPR curves were constructed using Equation A7. The future dimensionless IPR curves were constructed using both Equation A8 and Equation 6 so that the results could be compared.
Discussion on the Time to Reach PseudosteadyState Flow
The base case, dp/dt information for the well's drainage volume (the "field") and for the cells at radius 1, 5, 11, 16 is shown for select time intervals in Figures 1 and 2 . At the time predicted by Equation 7 for pseudo-steady state flow to occur (456 days), the dp/dt value and the rate of change of the dp/dt curve at the outer cell (Radius 16) are quite different than the dp/dt values and rate of change of the dp/dt curves at the other radii ( Figure 1 ). At 456 days, the well is not experiencing pseudosteady-state flow as defined in this paper, but instead the well is still experiencing transient or late-transient flow. By 930 days, the dp/dt values for all radii become approximately the same and the rate of change of dp/dt with time at all radii are approximately the same ( Figure 2 ). The selection of the exact time to pseudosteady-state is somewhat arbitrary, but obviously the reservoir has not reached the pseudosteady-state flow regime at 456 days. For the base case as well as for the other cases, the q max at the time pseudosteady-state flow begins in the finite-difference simulator was always in excellent agreement with the q max predicted by the Houpeurt equation.
For the base case, the time to actually reach pseudosteadystate flow took almost exactly twice as long as the time predicted by Equation 7 (930 days versus 456 days). For the other simulation runs performed using a circular drainage area, the time to pseudosteady-state as predicted by Equation 7 had to multiplied by a factor of 1.4 to 3.0 in order to obtain the actual time to pseudosteady-state flow (Table 2 ). Please note that two different, commercially available simulators were used to verify that the time to pseudosteady-state flow for the base case is between 930-960 days. Furthermore, the dp/dt profiles generated using a geometrically spaced radial grid and using a modified geometrically spaced grid (geometrically spaced to 0.5re then a constant dr to re), which is also commonly used to model closed boundary systems, were the same and thus, predicted the same time to pseudosteady-state flow. The time to pseudosteady-state flow is not a function of the pressure chosen (the initial pressure, bottom-hole flowing, or the average of the two) to provide a viscosity to use in calculating the non-Darcy flow coefficient.
The For a given combination of variables, the time to reach pseudosteady-state flow was determined to be independent of flowrate. That is, the time to pseudosteady-state flow for the q max case was the same as the time to pseudosteady-state flow for all of the other flowrates (10% q max , 20% q max , etc.). This is expected as the time to pseudosteady-state flow as predicted by Equation 7 is also independent of flowrate.
The factor required to convert t s , the stabilization time predicted by Equation 7 , to the actual time to reach pseudosteady-state flow is strongly dependent on permeability and on initial pressure. The higher the permeability and the higher the initial pressure, the higher the factor ( Table 2 ). The factor is dependent on drainage shape and drainage area; the larger the drainage area, the larger the factor. The factor is also affected to some extent by reservoir temperature, gas specific gravity, formation compressibility, and wellbore radius.
These results indicate that Equation 7 should be used with caution when estimating the time required to reach pseudosteady flow in gas wells. This is not surprising as Equation 7 comes from the solution to the (pressure-independent rock and fluid properties) diffusivity equation for an instantaneous line source in an infinite medium. Obviously, a real gas system has pressure-dependent fluid properties. Moreover, even for the pressure-independent system, there is some disagreement as to what numerical coefficient (948 in the presented version, Equation 7) should be used with the other variables in the t s equation. This disagreement is caused by the fact that a judgement must be made regarding when the slightly approximate solutions are identical to the exact analytical solution 8 . Unfortunately, Equation 7 is commonly used to estimate the time to stabilization for gas wells as there is currently not an equivalent equation for gas.
This work implies that relative to unfractured gas wells, a numerical coefficient of 1896 (2*948) would provide a good estimate of time to pseudosteady-state flow and a numerical coefficient of 2844 (3*948) would provide a conservative estimate of time to pseudosteady-state flow. Further work is required before a reservoir and fluid property dependent, numerical coefficient can be proposed.
Current IPR Curves
Results. A total of twenty, current dimensionless IPR curves were constructed using the properties presented in Table 1 in a tornado-type analysis. A current dimensionless IPR curve for a high temperature (300 o F) and high pressure (15,000 psia) case was also constructed.
Finally, the base case dimensionless IPR curve was generated using a different finite-difference simulator than the simulator used to generate all the other dimensionless IPR curves. In generating the IPR curves from the finite-difference simulation runs, only the pseudosteady-state data is used. Figures 3 to 10 show the effect of the properties studied on the shape of the current dimensionless IPR curve. The curves in Figures 3 to 10 were generated using finite-difference simulation. Above initial pressures greater than 3,000 psia, there is little variation in the shape of the dimensionless IPR curve ( Figure 3 ). The reservoir temperature and the gas specific gravity have little effect on the shape of the dimensionless IPR curve (Figure 4 and Figure 5 , respectively). Reservoir permeability has by far the largest effect on the shape of the dimensionless IPR curve ( Figure 6 ). The curvature of the dimensionless IPR curve increases as the permeability of the well increases, causing the rates to increase and the non-Darcy flow term to become more significant.
Conversely, the dimensionless IPR curve approaches a straight-line, Darcy-flow IPR curve as the permeability decreases, causing the rates to decrease and the importance of the non-Darcy flow term to lessen. The radius of the wellbore has a minimal effect on the shape of the dimensionless IPR curve (Figure 7) . The shape of the dimensionless IPR curve is basically independent of drainage area (Figure 8 ). For centrally located drainage points, the dimensionless IPR curve is independent of drainage area or shape factor, C A ( Figure 9) . Interestingly, the dimensionless IPR curve for a high-temperature and high-pressure reservoir is not much different than the dimensionless IPR curve for the much lower pressure and temperature, base case reservoir (Figure 10 ). Two different, commercially available simulators were used to determine the shape of the dimensionless IPR curve for the base case; the IPR curves generated by the two different simulators were identical. To study the effect of formation compressibility on the time to pseudosteady-state flow, runs were made at three different formation compressibilities. Results from these runs indicate that the shape of the dimensionless IPR curve is independent of formation compressibility. The dimensionless IPR curve predicted by Mishra and Caudle's equation for calculating current well deliverability and the curve from the base case of this study are shown in Figure 11 . The shape of the dimensionless IPR curves from this study is distinctly different than the shape of Mishra and Caudle's dimensionless IPR curve.
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A PERMEABILITY-DEPENDENT DIMENSIONLESS IPR CURVE FOR 5 FRACTURED GAS WELLS Twenty, current dimensionless IPR curves were also generated using the Houpeurt, quadratic equation. There is excellent agreement between the IPR curves generated using the Houpeurt equation and the IPR curves generated using the finite-difference simulator. This agreement is shown for the base case is Figure 12 . Interestingly, the Houpeurt equation does an excellent job of approximating the deliverability as provided by the finite-difference solution to the gas flow problem. The finite-difference solution rigorously handles the pressure-dependent gas and reservoir properties and thus, provides the more accurate answer. On the other hand, the ability of the Houpeurt equation to accurately predict the deliverability of a gas well makes the time and expense of obtaining the finite-difference answer hard to justify.
Analysis using the Houpeurt equation on the effect of shape factor was also extended to non-centrally located drainage points; results showed that the reservoir shape factor had little effect on the shape of the dimensionless IPR curve. The other finite-difference study findings were also verified; the shape of the dimensionless IPR curve is basically independent of gas specific gravity, reservoir temperature, drainage area, initial pressure (>3,000 psia) and wellbore radius; and it is a very strong function of permeability.
The Houpeurt equation analysis also showed that the shape of the IPR curve is sensitive to the equations used to calculate D. The equation used in this work to calculate D, Equation A4, provides a larger value for D and thus, the IPR curves generated show more curvature. Other equations available in the literature to calculate D, provide smaller values for D and the IPR curves generated using these smaller values are more linear.
The results from both the finite-difference study and the Houpeurt equation study indicate that the dimensionless IPR curve for unfractured gas wells can safely be assumed to be independent of reservoir temperature, gas gravity, wellbore radius, formation compressibility, shape of the drainage area, size of the drainage area, and initial reservoir pressure (>3,000 psia). Furthermore, these results indicate that the shape of the dimensionless IPR curve is a strong function of permeability. In fact, these results would indicate that a general dimensionless IPR curve for unfractured gas wells is not feasible due to the strong dependence of the shape of the dimensionless IPR curve on permeability. However, because the shape of the dimensionless IPR curve is practically independent of all the other variables, a dimensionless IPR curve (dimensionless in the Vogel-sense) that is only a function of permeability is feasible. The C and n coefficients and the R 2 value from the regression analysis are given in Table 3 .
For each permeability studied, the regressed curve provided an excellent match to the Houpeurt equation generated curve. The regressed curve and the Houpeurt equation curve are shown in Figure 13 for the base case permeability of 1.0 md.
Regression analysis of the C and n coefficients as a function of permeability showed that a reasonably good fit of the data is achieved using a logarithmic fit of the data. The fit of data is improved by removing the 0.01 md and the 250 md data. It is reasonable to exclude the 0.01 md data as such a low-permeability reservoir would more than likely have to be hydraulically fractured to be produced economically. The n2 coefficient is strongly dependent on permeability, much more so than the other coefficients. Apparently, this strong dependence is related to non-Darcy flow phenomena and helps explain at higher permeabilities (> 100 md) and higher flow rates when non-Darcy flow begins to dominate, why the n2 coefficient does not follow the trend set by the n2 coefficients from lower permeability reservoirs. The 0.05 to 100 md permeability range covers most unfractured gas reservoirs. The fit of the 0.05 md to 100 md data is shown in Figure 14 . The equations, and their associated R 2 values, to predict the coefficients for Equation 8 follow: C1 = -9.31363E-03ln(k) + 7.39838E-01 (9) R 2 = 9.07428E-01 n1 = 1.65169E-02ln(k) + 1.13383E+00 (10) R 2 = 9.65544E-01 C2 = 9.29474E-03ln(k) + 2.59288E-01 (11) R 2 = 9.10985E-01 n2 = 1.16945E+00ln(k) + 8.38895E+00 (12) R 2 = 9.97221E-01
For a given permeability, the proposed current dimensionless IPR curve as given by Equations 8 through 12 agrees well with the dimensionless IPR curves predicted by the Houpeurt equation for that permeability and the regressed curve of the Houpeurt equation data for that permeability. This is shown for a permeability of 1.0 md in Figure 13 . Equations 8 through 12 provide a good estimate of the current dimensionless IPR curve in the permeability range of 0.01 to 250 md, and they provide an excellent estimate of the current dimensionless IPR curve in the permeability range of 0.05 to 100 md.
Reservoir permeability, a stabilized flow rate, q , and corresponding p wf and p , are all obtainable from a build-up test or single-point flow test. Knowing permeability allows an engineer to use Equations 9 through 12 to accurately calculate the coefficients to be used in the proposed dimensionless IPR curve equation, Equation 8 , to construct a dimensionless IPR curve for the well. With the dimensionless IPR curve and the knowledge of the stabilized flow rate, q , and corresponding p wf and p , an engineer can predict the current deliverability of an unfractured gas well. The methodology for performing a deliverability calculation using a current dimensionless IPR curve has been presented by Mishra and Caudle 3 .
Future IPR Curves
Results. Future dimensionless IPR curves were generated using the Houpeurt deliverability equation. Two sets of dimensionless IPR curves were constructed using the properties in Table 1 . The first set of curves were generated by using Equation 6 and evaluating both b and b f at p wf (14.7 psia for either q max or q f max, ) when obtaining q max and q f max, , respectively; the second set of curves were generated by using Equation 6 and evaluating b at p when obtaining q max and evaluating b f at p f when obtaining q f max, . The first set of curves were generated following Mishra and Caudle's 3 convention that both b and b f should be evaluated at the same pressure. This convention makes Equation 6 become Equation A8. The second set of curves were generated following Ambastha and Kosarussawadee's 7 convention that b and b f should be evaluated at p and p f , respectively.
For the first set of future IPR curves, the variables of shape factor, drainage area, gas specific gravity, reservoir temperature, wellbore radius, and current reservoir pressure have little or no effect on the shape of the future dimensionless IPR curve. Furthermore, the shape of the future dimensionless IPR curve is a strong function of reservoir permeability. Dimensionless IPR curves for a wide range of permeability values are shown in Figure 15 . Mishra and Caudle's future IPR curve is also shown in Figure 15 . The shape of the Mishra and Caudle curve is distinctly different than the shape of the curves from this work.
For the second set of future IPR curves, the variables of shape factor, drainage area, and reservoir temperature have little or no effect on the shape of the future dimensionless IPR curve. Evaluation of b and b f at p and p f , respectively, makes the shape of the future dimensionless IPR curve a strong function of the current pressure ( Figure 16 ). As the current reservoir pressure increases, the curves become more linear and distinctly different than the first set of future IPR curves. This change in curve shape with increasing pressure is caused by the viscosity changing much more over the pressure ranges represented on the dimensionless IPR curve (current pressure to 14.7 psia) as the current initial pressure increases. The future dimensionless IPR curves are also a function of gas specific gravity.
Development
of the Permeability-Dependent Dimensionless IPR Curve. The authors believe that the non-Darcy flow coefficient, D, should be evaluated at the flowing bottom-hole pressure of the well. Thus, the first set of future IPR curves are to be used in predicting the future deliverability of an unfractured gas well. Because the future IPR curve is such a strong function of permeability, a truly general IPR curve is not feasible; however, because the shape of the future dimensionless IPR curve is only a function of permeability, a permeability-dependent, future dimensionless IPR curve is feasible for unfractured gas wells.
Regression analysis was performed on future dimensionless IPR curves generated using permeabilities of 0.05, 0.1, 0. (
A summary of the regression analysis is given in Table 4 .
Correlating the permeability and n data of Table 4 required the use of a five parameter rational model. The equation to accurately predict the exponent n given permeability and its associated R 2 value follow:
The n data and the n predicted by Equation 14 are shown in Figure 17 . For a given permeability, the dimensionless IPR curve predicted by Equations 13 and 14 closely approximates the curve predicted by the Houpeurt equation for that permeability and almost exactly matches the regressed curve of the Houpeurt equation data for that permeability. This is shown in Figure 18 for a permeability of 1.0 md. Equations 13 through 14 provide a reasonable estimate of the future dimensionless IPR curve in the permeability range of 0.05 to 250 md, and provide a good estimate of the future dimensionless IPR curve in the permeability range of 0.1 to 250 md.
Knowing permeability allows an engineer to use Equations 13 and 14 to predict the future dimensionless IPR curve for an unfractured gas well. Using this future dimensionless IPR curve and the current dimensionless IPR curve from Equations 8 through 12 of this paper, in the future deliverability calculation method presented by Mishra and Caudle 3 , allows the engineer to calculate the deliverability of an unfractured gas well for any future average reservoir pressure.
Conclusions
The results from a study of dimensionless IPR curves for unfractured gas wells have been presented. The conclusions from this work are as follows:
• The shape of the current dimensionless IPR curve and of the future dimensionless IPR curve can safely be assumed to be independent of reservoir pressure (> 3,000 psia), reservoir temperature, gas specific gravity, wellbore radius, shape factor, and drainage area. The shape of the current dimensionless IPR curve and of the future dimensionless IPR curve is strongly dependent on permeability. This strong dependence on permeability makes a truly general dimensionless IPR curve, current or future, unfeasible. However, because the shape of the dimensionless IPR curve is basically independent of all the other variables, a current or future dimensionless IPR curve (dimensionless in the Vogel-sense) that is only a function of permeability is feasible.
• Permeability-dependent, future and current dimensionless IPR curves for unfractured gas wells have been developed and presented in this paper. These equations and information from a single-buildup or drawdown test allow an engineer to calculate both current and future well deliverability.
• The time required for an unfractured gas well to reach pseudo-steady state flow is two to three multiples of the time predicted by the stabilization time equation (Equation 7). A numerical coefficient of 1896 instead of 948 in Equation 7 , would provide a good estimate of time to pseudosteady-state flow and a numerical coefficient of 2844 instead of 948 in Equation 7 , would provide a conservative estimate of time to pseudosteady-state flow for an unfractured gas well.
• For unfractured gas wells, the Houpeurt equation does an excellent job of approximating the deliverability as provided by the finite-difference solution to the real gas flow problem. Radius 11
Radius 16
Fig. 2 -The 700 to 1300 day, dp/dt data for the base case, q max run. 
